Improving crop plants to be productive in saline soils or under irrigation with saline water would be an important technological advance in overcoming the food and freshwater crises that threaten the world population. However, even if the transformation of a glycophyte into a plant that thrives under seawater irrigation was biologically feasible, current knowledge about Na + effects would be insufficient to support this technical advance. Intriguingly, crucial details about Na + uptake and its function in the plant have not yet been well established. We here propose that under saline conditions two nitrate-dependent transport systems in series that take up and load Na + into the xylem constitute the major pathway for the accumulation of Na + in Arabidopsis shoots; this pathway can also function with chloride at high concentrations. In nrt1.1 nitrate transport mutants, plant Na + accumulation was partially defective, which suggests that NRT1.1 either partially mediates or modulates the nitrate-dependent Na + transport. Arabidopsis plants exposed to an osmotic potential of À1.0 MPa (400 mOsm) for 24 h showed high water loss and wilting in sorbitol or Na/MES, where Na + could not be accumulated. In contrast, in NaCl the plants that accumulated Na + lost a low amount of water, and only suffered transitory wilting. We discuss that in Arabidopsis plants exposed to high NaCl concentrations, root Na + uptake and tissue accumulation fulfil the primary function of osmotic adjustment, even if these processes lead to long-term toxicity.
INTRODUCTION
Scarcity of freshwater threatens food security for the world population (FAO, 2012) . Furthermore, soil salinity due to high NaCl levels is one of the most critical environmental factors known to limit the productivity of agricultural crops, producing enormous financial costs and serious impacts on social structure and stability of communities (Pitman and L€ auchli, 2002) . Soil salinity was implicated in the fall of the Sumerian society that had successfully thrived for many centuries (Jacobsen and Adams, 1958) ; currently, a modest sea level rise as a result of global climate change would increase salt-water intrusions in rice farms in the lowlands of river deltas, threatening their productivity and, consequently, the food resources of many countries (Wassmann et al., 2004) . Consistent with the importance of this social and economic problem, improving crop plants to be productive under irrigation with saline water or in saline soils is a technological challenge for agricultural research, which has been intensively investigated.
It is widely accepted that Na + is the culprit of many detrimental effects of NaCl on glycophytes. Consequently, 'decades of research activity have been dedicated to the characterization of Na + transport and distribution in plants, and in particular its first entry into plant roots' (Kronzucker and Britto, 2011; p. 55) . Despite this effort, the transport system that mediates the uptake of Na + by roots under saline conditions has not yet been molecularly identified. It has been proposed that under these conditions nonselective cation channels (NSCCs) mediate a rapid Na + uptake by root cells Demidchik and Maathuis, 2007) . However, comprehensive considerations of the soil and plants conditions have shown that the evidence that support this function of NSCCs is weak (Kronzucker and Britto, 2011) . The lack of knowledge about this Na + transport system hampers biotechnological approaches aimed at improving the salt tolerance of crops, which is a scientific challenge that requires an urgent solution (Zhang et al., 2010; Kronzucker and Britto, 2011) . This uncertainty does not apply to the high-affinity Na + uptake transporters that have been characterized (Rodr ıguez- Navarro and Rubio, 2006; Haro et al., 2010; Benito et al., 2012) . The above-described lack of knowledge also hinders an understanding of other basic responses of plants exposed to high NaCl concentrations. Experiments with 22 Na + have identified extremely rapid Na + influxes and effluxes, which suggests that the plant is coping with a problem of excessive Na + permeability. Although the real transmembrane Na + fluxes might be much lower than those estimated with 22 Na + , because the method also measured Na + exchanges between the apoplast and the external medium Kronzucker, 2009, 2015; Kronzucker and Britto, 2011) , the notion of excessive and inevitable Na + influx remains.
An alternative notion to that of inevitable Na + influx is that some plants exposed to saline conditions use rapid Na + accumulation to compensate for the negative water potential created by the salts in the soil solution. This adjustment is widely accepted to occur among halophytes (Flowers et al., 1977 (Flowers et al., , 2015 and has been reported in some glycophytes (Bernstein, 1961; reviewed in Bernstein, 1975; Hsiao et al., 1976) , including cereal crops (Cuin et al., 2009; Genc et al., 2016) and Arabidopsis ( Alvarez-Arag on et al., 2016). However, the existence of a saline osmotic stress that produces water deficit has been also proposed in some plants (reviewed in Munns, 2002; Hasegawa, 2013) . It is worth noting that the osmotic adjustment with Na + might lead to Na + toxicity and that efficacious Na + exclusion might be counterproductive for this response.
To further investigate the role of Na + in the osmotic response of plants under saline conditions we have used Arabidopsis, hoping that the large genetic resources available for this species may help to unravel complex responses ( Alvarez-Arag on et al., 2016). Herein, we propose that a large proportion of the Na + accumulated in shoots is taken up from the medium and loaded into the xylem by systems that show nitrate dependence, and that under saline conditions, Na + plays important osmotic functions that prevent water loss and wilting.
RESULTS

Nitrate-dependent Na + accumulation in shoots
In Arabidopsis, HKT1 retrieves Na + from the xylem sap and hkt1 mutants in NaCl deliver practically all the Na + taken up by roots to the shoot; consequently, the root concentration of Na + remains low (Berthomieu et al., 2003; Rus et al., 2004; Davenport et al., 2007; Alvarez-Arag on et al., 2016) . We took advantage of this fact and studied Na + uptake by measuring Na + accumulation in the shoots of hkt1 plants. In our typical 4-h uptake experiment at 20 mM NaNO 3 , the Na + content in hkt1 roots was 43 nmol mg À1 root dry weight (DW) versus 96 nmol mg À1 in wild type plants (Table S1) . From a toxicity perspective, this Na + accumulation is much lower than the Na + content of the roots of healthy wild type Col-0 plants growing at 20 mM NaCl (467 nmol mg À1 root DW; Alvarez-Arag on et al., 2016).
In preliminary experiments we compared Na + accumulation in the rosettes of hkt1 plants in the hydroponic growth medium supplemented with 20 mM NaCl and in a medium that contained only Na + and MES (20 mM Na/MES testing medium: 40 mM MES-NaOH pH 6.15, containing 5 mM MES-Ca(OH) 2 ; see Experimental Procedures), finding that Na + accumulation from Na/MES was approximately onethird of that from NaCl in hydroponic medium. Then, we tested Na + accumulation from 5 mM MES-Ca(OH) 2 supplemented with 20 mM NaCl finding that the accumulation was still lower than that found in the hydroponic medium.
To determine the component of the hydroponic medium that enhanced Na + accumulation in shoots, uptake experiments were repeated by adding, one by one, the components of the hydroponic medium to 5 mM MES-Ca(OH) 2 supplemented with 20 mM NaCl. The results showed that addition of 1.4 mM Ca(NO 3 ) 2 increased Na + accumulation to the levels measured in hydroponic medium and that the other components had no or a mild effect.
In the presence of nitrate, Na + accumulation in shoots from NaCl increased almost linearly with time for at least 7 h; in our 4-h standard tests, total Na + accumulated in shoots was low, less than 15% of the K + content of rosettes.
To further investigate the role of nitrate, Na + accumulation was tested in hkt1 plants at constant 20 mM Na + and increasing concentrations of nitrate from 0.5 to 20 mM, finding large increases in the Na + content of shoots (Figure 1b ; mixtures of different volumes of 20 mM NaNO 3 and 20 mM Na/MES solutions; see Experimental Procedures for the convenience of reporting the molar Na + /K + ratio). In contrast with these large increases, the root Na + content was barely affected by increasing the concentration of nitrate ( Figure 1a ). Assuming that Na + accumulation from 20 mM Na/MES was independent of nitrate, the rate of Na + accumulation in shoots in the absence of nitrate was subtracted from the values obtained at different nitrate concentrations. The resulting nitrate-dependent rates followed hyperbolic kinetics, exhibiting a K 1/2 of approximately 2.0 mM NO 3 À ( Figure S1 ). À fulfilled a specific function that Cl À did not achieve.
Because chlorate is an analogue of nitrate (Doddema et al., 1978) , this anion was also tested (in this case, 2-h experiments were performed to decrease the probability of unexpected toxic effects), which again showed a clear enhancement of shoot Na + accumulation, although lower than that of nitrate (70% of effectiveness; Figure 2b ). The Ca 2+ dependence of Na + accumulation in shoots from 20 mM NaNO 3 and 20 mM Na/MES was also tested at added Ca 2+ concentrations of 0.125, 1.25 (standard condition), and 10 mM. With increasing Ca 2+ concentration,
shoot Na + accumulation decreased ( Figure S2 ). However, this decrease was modest; the 80-fold increase of Ca 2+ concentration decreased Na + accumulation in shoots by 60%
from NaNO 3 and 40% from Na/MES.
Nitrate enhances both Na + uptake and loading into the xylem Na + accumulation in shoots depends on two plasma membrane transport processes that occur in series: root Na + uptake from the external medium and Na + loading into the xylem. All Na + accumulated in the plant is mediated by the former process. Therefore, the increasing Na + accumulation in hkt1 plants at a constant Na + concentration and increasing nitrate concentrations (Figure 1 ) revealed that nitrate enhanced the rate of root Na + uptake. Similarly, all Na + accumulated in shoots requires its previous loading into the xylem. In hkt1 plants the increasing shoot Na + content in response to the increase of external nitrate occurred without significant changes in the root Na + content (Figure 1) , which revealed that nitrate enhanced the rate of Na + loading into the xylem. It is worth noting that, in Arabidopsis, Na + recycling from shoots to roots is negligible (Davenport et al., 2007) and the return of Na + from the xylem sap to xylem parenchyma cells is practically null in hkt1 plants (Berthomieu et al., 2003; Rus et al., 2004; Davenport et al., 2007) . These observations imply that in our experiments the rate of Na + accumulation in shoots was practically equal to the unidirectional flux of Na + into the xylem.
To investigate the effect of concentrations of Na + higher than 20 mM, we supplemented 20 mM Na/MES or NaNO 3 with 40 mM Na/MES and measured Na + accumulation in roots and shoots. In both MES and nitrate, the increase of the external Na + concentration increased Na + accumulation in roots but not in shoots ( Figure S3 ). These results indicate that at 20 mM external Na + , the nitrate-independent Na + transporters that mediate root uptake were not Figure 1 . Effect of nitrate on root (a) and shoot (b) Na + accumulation in hkt1 plants at 20 mM Na + over four h. The nitrate concentration was obtained mixing the appropriate volumes of 20 mM NaNO 3 and 20 mM Na/MES (40 mM MES-NaOH) pH 6.15 solutions, both containing 5 mM MES-Ca(OH) 2 pH 6.15. Values are mean AE SD, n = 8. Different letters in bars indicate that the differences between means are statistically significant. One-way ANOVA and Tukey's HSD test; P < 0.01. saturated but that those mediating xylem loading already exhibited maximum rate.
Na
SOS1 and nitrate-dependent xylem Na + loading
The Na + /H + antiporter SOS1 mediates root Na + efflux (Zhu, 2003) and loading into the xylem (Shi et al., 2002) ; therefore, our results suggested that Na + xylem loading should result from at least two parallel processes, one mediated by SOS1 and another dependent on nitrate. To investigate the relationships between these two processes, we measured Na + accumulation in roots and shoots of SOS1 and sos1 plants in the absence and presence of nitrate. We duplicated the experiments using HKT1 and hkt1 plants in order to obtain results at two levels of root Na + content, which is much higher in HKT1 than in hkt1 plants. Figure 3 and Table S1 show the root Na + content and the amount of Na + accumulated in shoots (in Figure 3 , the shoot and root Na + contents are normalized by the weight of roots and expressed as Na + nmol mg À1 root DW because only the roots take up Na + and deliver it to the shoots; the shoot Na + contents in terms of shoot DW are shown in Table S1 ).
Three conclusions can be drawn by comparing the data from plants in NaNO 3 and Na/MES: (i) by comparing plants of the same genotype, it was evident that nitrate increased Na + uptake because the total plant Na + content was much higher in NaNO 3 than in Na/MES; (ii) nitrate also increased xylem Na + loading because the much higher Na + content of NaNO 3 plants was accumulated in shoots without a significant increase of the root Na + content;
(iii) SOS1 mediated Na + loading into the xylem because, in the absence of nitrate, SOS1 increased the amount of Na + transferred to shoots (compare hkt1 sos1 and hkt1 SOS1 plants in Na/MES; differences between means are statistically significant, P < 0.01; this comparison cannot be made in HKT1 plants because the expression of the HKT1 gene in sos1 and SOS1 plants may be different, Oh et al., 2010) .
A comparison of effectiveness between SOS1 and nitrate-dependent xylem loading is difficult because SOS1, besides xylem Na + loading, increases Na + efflux and nitrate increases Na + uptake.
Nitrate-dependent Na + accumulation across Arabidopsis accessions
Our results with hkt1 plants raised a question about whether these plants responded the same as wild type plants and whether Col-0 was an exceptional accession. To answer these questions, we repeated some of the experiments described above with wild type plants from accessions Col-0, Ler, Ts-1, and C24. We selected these four accessions on the basis of their capacity to accumulate Na + in shoots and their NaCl tolerance: C24, high accumulation, low tolerance; Ts-1, high accumulation, high tolerance; Ler, medium accumulation, high tolerance; Col-0, low accumulation, medium tolerance ( Alvarez-Arag on et al., 2016). As in the hkt1 mutant, the four wild type accessions (Figure 4) showed shoot Na + accumulation that was always higher in NaNO 3 than in Na/MES; the increments were similar in Col-0, Ler, and Ts-1 and higher in C24 (Figure 4b , c). Nitrate also increased the root Na + content, very similarly in Col-0, Ler, and Ts-1, and much less in C24 (Figure 4a, c) . Another way to show the differences between accessions was to divide the Na + /K + ratio in shoots by that in roots ( Figure 4d ); this ratio is the inverse of the selective transport capacity used by other authors (Wang et al., 2002 (Wang et al., , 2004 . The results showed large differences across accessions, especially between C24 and Col-0.
The nrt1.1 mutation decreases the nitrate-dependent Na
The simplest hypothesis to explain the nitrate-dependent root Na + uptake and loading into the xylem described herein is that these transmembrane fluxes are mediated by one or several nitrate transporters. In Arabidopsis there are 60 genes encoding putative nitrate transporters which are classified in two types: high-and low-affinity transporters (a) (b) Figure 3 . Root Na + accumulation and transfer to shoots. Plants of four genotypes combining the SOS1/sos1 and HKT1/hkt1 genes were exposed to 5 mM MES-Ca(OH) 2 pH 6.15 supplemented with 20 mM Na/MES or 20 mM NaNO 3 for 4 h. Na + transfer to shoots was normalized by dividing the shoot Na + content by the root weight of the plant. Values are mean AE standard deviation (SD), n = 8.
(HATS and LATS, respectively). HATS show a low V max (Touraine and Glass, 1997) that is approximately 10 times lower than the Na + uptake rate measured in our experiments. Therefore, we focused our attention on the two LATS-encoding genes NRT1.1 (CHL1) and NRT1.2 (NTL1) that have been reported to be involved in root nitrate uptake (Krouk et al., 2010; Wang et al., 2012b; Krapp et al., 2014; O'Brien et al., 2016) and tested Na + uptake from 20 mM NaNO 3 or Na/MES in two mutants that have been previously studied chl1-5 (nrt1.1) and ntl1 (nrt1.2) (Figure 5) . In Na/MES neither the ntl1 nor the chl1-5 mutation had effects in the Na + content of either roots or shoots. We found a small increase in the Na + content of the shoots of the chl1-5 mutant plants but it had low statistical significance (P = 0.04) and occurred in plants with a very low content of Na + , approximately 1 mM Na + assuming 100 mM K + concentration. In NaNO 3 , the ntl1 mutation did not affect the shoot Na + content and increased a little the Na + content of roots but the statistical significance was again low (P = 0.02). In contrast, chl1-5 plants in nitrate showed a highly statistically significant decrease of the Na + content (P < 0.0001), 30% in roots and 25% in shoots ( Figure S4 shows similar responses of other allelic mutants).
Permanent wilting is prevented in saline conditions
Arabidopsis plants growing in sterile conditions in 120 mM sorbitol show a notable decrease in their water content, which did not occur in 60 mM NaCl ( Alvarez-Arag on et al., 2016). This suggests that the Na + taken up by the plants in NaCl prevents the water deficit that otherwise would prevail in the media with low water potentials. This osmotic adjustment also occurs with NaCl in hydroponic cultures, but hydroponic cultures with sorbitol cannot be performed because sorbitol supports microbial growth that may affect the results (Munns et al., 2010) . In order to compare the osmotic adjustments in sorbitol and saline conditions in hydroponic cultures, we designed short-term experiments of less than 24 h, in which bacterial growth was negligible. Because the osmotic responses of plants have been extensively investigated (e.g., Chaves and Oliveira, 2004; Osakabe et al., 2014; Munns and Gilliham, 2015; Naser and Shani, 2016) , we limited our assays to answer the basic question relevant to our study of whether, at a low osmotic potential, saline conditions would allow the osmotic adjustment of the plants while sorbitol or similar compounds would not allow osmotic adjustment. Preliminary experiments showed that 400 mOsm (osmotic potential % À1.0 MPa) produced the best plant responses for answering the above question and this osmotic potential was selected for further experiments. In consonance with previous reports (Shabala et al., 2006; Britto et al., 2010; Demidchik, 2014) , we observed a rapid K + loss from roots of plants treated with either 370 mM sorbitol or 200 mM NaCl that was more rapid in NaCl. By using 1 mM KCl in the sorbitol test and 20 mM KCl with 180 mM NaCl (always containing 5 mM MES-Ca(OH) 2 pH 6.15), K the two treatments. In some experiments, 20 mM NaNO 3 was also added to 180 mM NaCl.
The transfer of Arabidopsis plants to 370 mM sorbitol with 1 mM KCl was followed by rapid wilting, occurring in less than one hour, and a subsequent slow deterioration of their aspect up to the end of the experiment at 24 h (Figure 6 shows the responses of the Ts-1 accession; Ts-1, Col-0, hkt1, and C24 plants responded similarly; due to the position of its leaves, Ts-1 showed the most visible response). In NaCl, without supplements or supplemented with KCl and NaNO 3 , the initial wilting was very similar or even more rapid than in sorbitol, but it was only a transitory effect as the plants recovered within hours. Threeweek-old plants recovered in 6-7 h while 6-week-old plants required 10-12 h to recover and the recovery was faster when lights went out (Movies S1 and S2). After 24 h in NaCl, plants of any age were not visibly different from control plants ( Figure 6 ). Next we tested a series of compounds for permanent or transitory wilting (Table 1) showed transitory responses identical to those in the NaCl media described above. With all the other compounds the wilting was permanent even in the presence of Na + as Na/ MES, or Cl À as N-methyl-D-glucamine (NMDG)/Cl.
The osmotic shocks reduced the water content of plants differently depending on the treatment, but no differences were found between Ts-1, Col-0, C24, and hkt1-Col-0 plants. In the experiments with 370 mM sorbitol, the water content decreased permanently throughout the treatment. The water content was reduced by 34% in 6 h and by 50% in 24 h. In 200 mM NaCl, the water content also decreased but more slowly. After 6 h the reduction was of 15%, but longer treatments did not further reduce the water content (Table S2) .
Transitory wilting in NaCl was associated with a large increase of the Na + content in the shoots after 24 h of treatment. This increase was independent of the presence of nitrate (no differences were found between plants in 160 mM NaCl, 20 mM NaNO 3 , and 20 mM KCl versus 200 mM NaCl). In these treatments, the K + content of shoots did not decrease significantly with reference to control plants and the Na + content increased amounting to a value similar to that of the K + content or 50% higher (i.e., from 1400 to 2200 nmol mg À1 DW). Transitory wilting in K + salts was associated to increases of K + contents that were similar to those described for Na + in Na + salts.
In contrast with these increases in ion contents, plants under sorbitol or mannitol treatments that produced permanent wilting did not increase their K + plus Na + contents of shoots as expected from the absence of these cations in the treatment medium. Plants in Na/MES showed permanent wilting and a small increase of the Na + content, although the Na + concentration in this medium was high (133 mM). In this case, Na + accumulation in shoots at 24 h was only slightly more than 10% of the shoot K + content (185 AE 14 Na + nmol mg À1 DW; n = 5; Ts-1 plants), which is consistent with the results of the first part of our study. In K/MES, a significant increase of the K + content in shoots was not detected and the plants also showed permanent wilting. Figure 5 . Effect of the nrt1.2 (a) and nrt1.1 (b) mutations on Na + accumulation in roots and shoots. Na + accumulation over four h in nrt1.2 (ntl1), nrt1.1 (chl1-5), and wild type Col-0 plants in 5 mM MES-Ca(OH) 2 pH 6.15 supplemented with 20 mM Na/MES or 20 mM NaNO 3 . Values are mean AE SD, n = 6 in (a), n = 16 in (b). Statistically significant differences between Na + accumulation in wild type and mutant plants were determined by the Student's t-test. n.d. P > 0.1; *0.01 < P < 0.1; **P < 0.0001.
In summary, transitory wilting was associated to moderate water losses and large increases in K + plus Na + contents. In contrast, in plants that suffered permanent wilting, the water loss was high and the K + plus Na + contents did not increase or increased very little even when Na + or K + was abundant in the external medium.
DISCUSSION
Root Na + uptake and transfer to shoots
In this study we found that a major pathway of Na + accumulation in Arabidopsis shoots depended on nitrate. This dependence was not exclusive, as chloride also enhanced Na + uptake, albeit with lower effectiveness. At 20 mM NaCl, chloride had a subsidiary role with respect to nitrate, but at 200 mM NaCl, chloride fully substituted the function of nitrate.
The four accessions that we tested showed the same nitrate dependence but notable differences in the accumulation and distribution of Na + between shoots and roots (Figure 4 ), which suggests that the pathway is complex. In hkt1 plants, in which Na + retrieval from the xylem sap to xylem parenchyma cells is largely absent (Berthomieu et al., 2003; Rus et al., 2004; Davenport et al., 2007 Table S1 ), while the Na + content of roots was low, 43 nmol mg À1 root DW (Table S1 ). At a constant Na + concentration and increasing nitrate supplements, from 0.5 to 20 mM, the nitrate-dependent Na + accumulation in shoots increased approximately five-fold, exhibiting saturation kinetics while the root Na + remained low and fluctuating (Figures 1 and S1 ). We reasoned above that these results indicated that nitrate enhanced both root Na + uptake and loading into the xylem. The latter conclusion was also reached by observing that nitrate improved the transfer of Na + from roots to shoots in experiments with SOS1 and sos1 plants (Figure 3) , and with four Arabidopsis accessions (Figure 4c ). Furthermore, increasing Na/MES from 20 to 60 mM increased root Na + while partially substituting nitrate for MES increased shoot Na + ( Figure S3 ).
Again, these results indicate that nitrate activates Na + loading into the xylem. Thus, two nitrate-dependent transport processes in series that take up and load Na + into the xylem seem to constitute the nitrate-dependent pathway for the accumulation of Na + in Arabidopsis shoots -the latter function is shared with the nitrate-independent function of SOS1. This association of Na + and nitrate in these processes is not surprising if plants use Na + as an osmotic cation under saline conditions (see below) because nitrate is a convenient counterion. In fact, nitrate fulfils osmotic functions in normal conditions (McIntyre, 1997; C ardenas-Navarro et al., 1999; Loudet et al., 2003) , although chloride seems to be a more convenient anion in tobacco (Franco-Navarro et al., 2016) . The proposed nitrate-dependent pathway for shoot Na + accumulation in Arabidopsis is consistent with previous observations, although in these cases the Na + -nitrate interaction is expressed contrariwise: Na + enhancement of nitrate transport. Na + -dependent nitrate transport has been described in the halophytes Zostera marina (Garc ıa-S anchez et al., 2000), Sueda physophora (Yuan et al., 2010) , and Salicornia europea (Nie et al., 2015) , although in the last case the effect was indirect. Also, Na + enhances both nitrate uptake (Kaburagi et al., 2014) and root-to-leaf nitrate translocation (Kaburagi et al., 2015) in Beta vulgaris. The nitrate-dependent Na + uptake described here could be mediated by transporters that evolved specifically to cotransport Na + and nitrate. The alternative hypothesis would be that Na + is taken up through NSCCs Demidchik and Maathuis, 2007) and nitrate, acting as a counter-ion, would be accumulated through the nutritional nitrate uptake systems. However, as mentioned above, the evidence supporting that NSCCs mediate Na + uptake has been questioned (Kronzucker and Britto, 2011) . Recently, AtPIP2;1 has been shown to be an NSCC that can mediate Na + entry into roots, but the blockage by Ca 2+ of this aquaporin (Byrt et al., 2017) rules out that it mediates the Na + uptake described here, which showed a low Ca 2+ dependence ( Figure S2 ).
Furthermore, our kinetic data of nitrate-dependent Na + uptake at a constant Na + concentration (Figure 1 and S1) rule out that Na + is taken up through any type of unknown channel in parallel with the uptake of nitrate through the nutritional nitrate uptake transporters. In this case, the nitrate dependence of Na + uptake would imply that the rate of Na + uptake is limited by the rate of nitrate uptake, because both ions have to be taken up at similar rates to balance the charges. However, if this occurred the kinetics of Na + uptake in response to the increase of nitrate concentration would resemble the kinetics of nitrate uptake, which is not the case. In nitrate grown plants, the nitrate-dependent Na + uptake showed saturation kinetics (K 1/2 % 2.0 mM NO 3 À ; Figure S1 ) while nitrate uptake shows linear (first order) kinetics (Touraine and Glass, 1997; Crawford and Glass, 1998; Glass and Kotur, 2013) .
The experiments with the nrt1.1 and nrt1.2 mutants added evidence against the possibility that the rate of nitrate uptake was limiting the rate of Na + uptake. In Arabidopsis plants growing in nitrate, nitrate uptake is barely affected by the chl1-5 (nrt1.1) mutation (Touraine and Glass, 1997) , which, in contrast, decreased the nitratedependent Na + uptake ( Figure 5) . A similar reasoning can be made based on the lack of effect of the nrt1-2 mutation on this uptake. The NRT1.2 gene is constitutively expressed (Huang et al., 1999; Okamoto et al., 2003) , and it is widely accepted that NRT1.2 dominates low-affinity nitrate uptake (Nacry et al., 2013) . Therefore, although to our knowledge, experiments with this mutant in our experimental conditions have not been performed, nrt1.2 plants should show a defective nitrate-dependent Na + uptake if NRT1.2 were involved in this uptake. Thus, the best explanation for our results is that either NRT1.1 is one of several components of the nitrate-dependent Na + transport system or the defective Na + uptake of nrt1.1 plants results from the lack of the regulatory function of NRT1.1 (Ho et al., 2009; Wang et al., 2012a; Krapp et al., 2014) over the actual transporter. However, the demonstration that Na + and nitrate are co-transported will require the identification of the transporter and its subsequent ectopic expression. The cotransport of Na + and nitrate has been described in Z. marina (Garc ıa-S anchez et al., 2000) and proposed in S. physophora (Yuan et al., 2010) . Although the involved transporter has not been identified, this mechanism might occur in other plants and circumstances as an alternative mechanism to the nitrate-proton symport (Parker and Newstead, 2014) . A nitrate transporter of these characteristics might belong to any of the several families of nitrate transporters (von Wittgenstein et al., 2014) . The transporter might also be able to transport chloride, which is a characteristic of two members of these families NPF2.4 (Li et al., 2016a) and NPF2.5 (Li et al., 2017) .
Shoot-to-root nitrate transport in Arabidopsis is mediated by the NRT1.5 (NPF7.3) and NPF2.3 transporters (O'Brien et al., 2016) . Although the function of the latter is quantitatively and physiologically significant under salinity (Taochy et al., 2015) , neither NRT1.5 (Lin et al., 2008 ) nor NPF2.3 (Taochy et al., 2015 has been proposed to transport Na + . In summary, Na + shoot accumulation in Arabidopsis seems to be a physiological process that is mediated by specific transporters that couple the movement of an anion, mainly nitrate, to the movement of Na + . If this coupling were electroneutral it would take place without ATP consumption, driven by the chemical gradient of either Na + or the anion.
Osmotic adjustments
Under saline conditions, if K + is available, the most likely physiological function of a high Na + uptake is for osmotic adjustments ( Alvarez-Arag on et al., 2016). In media of low water potential, plants survive and eventually adapt to the medium by increasing cellular solutes (Frensch and Hsiao, 1994; Fricke et al., 1996; Munns, 2002; Shabala and Lew, 2002; Bartels and Sunkar, 2005; Munns and Tester, 2008; Hasegawa, 2013) . The notion that in saline conditions Na + uptake makes a crucial contribution to this adaptation is well established in halophytes (Flowers et al., 1977 (Flowers et al., , 2015 , but not so clearly in glycophytes. Some studies indicate that glycophytes under saline conditions are osmotically adjusted by the uptake of the ionic solutes (Bernstein, 1961 (Bernstein, , 1975 Hsiao et al., 1976; Cuin et al., 2009; AlvarezArag on et al., 2016; Genc et al., 2016) while others propose that the saline osmotic stress produces a water deficit (reviewed in Munns, 2002; Hasegawa, 2013) .
The osmotic adjustment of Arabidopsis plants growing in sorbitol is defective and leads to permanent water deficit, but this event does not occur under saline conditions in which plants accumulate Na + ( Alvarez-Arag on et al., 2016). By using high osmolality shocks (400 mOsm) over a period of 24 h, we confirmed that Arabidopsis has a poor osmotic adjustment in non-saline conditions. In sorbitol, mannitol, Na/MES, NMDG/Cl, or NMDG/MES plants suffered permanent wilting and lost water continuously up to a loss of approximately 50% in 24 h. In contrast, wilting was only transitory in NaCl, KCl, Na 2 SO 4 , or K 2 SO 4 , (Table 1 ) and the aspect of the plants was very similar before and after 24 h of treatment ( Figure 6 and Movies S1 and S2). In NaCl, the maximum water loss that we detected in 24 h was 16%.
The Na + content of plants showing transitory wilting in Na + salts increased dramatically, which implies that Na + and some counter-ion decreased the osmotic potential of tissue water. Because plants in Na/MES wilted and lost water as in sorbitol, the Na + counter-ion could not be endogenous and had to be present in the external medium: NO 3 À , Cl À , or SO 4 2À in our experiments. A similar conclusion can be reached regarding the cation, which could not be endogenous because plants in NMDG/Cl suffered permanent wilting. As discussed above, at low salt concentrations (e.g., 20 mM NaCl; Figure 2 ), the most effective anion to enhance Na + accumulation in shoots -and perhaps also the main counter-ion in the plant -was nitrate, but in the experiments at high osmolality, chloride or sulfate served as well as nitrate. When exposed to saline conditions, an osmotic adjustment with Na + seems to be the dominant response of Arabidopsis plants although the accumulated Na + is toxic and, in the long term, the plants die. For example, at 200 mM NaCl a rapid wilting was followed by recovery in less than 24 h, which reveals osmotic adjustment, although Arabidopsis plants do not grow at this NaCl concentration in our cultural conditions. Transitory wilting has been described in tomato plants under saline conditions (Slatyer, 1961) . Changes in the hydraulic conductance in roots and shoots might be involved in transitory wilting and, for these changes, it is noteworthy that nitrate accumulation controls the root hydraulic properties (Gorska et al., 2008; Li et al., 2016b) . These issues were not under the scope of our study, but transitory wilting and changes in water content open an avenue for future work aimed at understanding the steps followed by Na + and its counter-ion to support the osmotic adjustments of plants under salinity.
CONCLUSIONS AND PROSPECTS
Our findings support that Na + behaves as a 'functional mineral nutrient' (Subbarao et al., 2003) in Arabidopsis plants under saline stress, although eventually, it may become toxic. However, referring to Na + influx under saline conditions as 'toxic Na + influx' (Davenport and Tester, 2000; Kronzucker and Britto, 2011) highlights the toxic consequences, which are variable across accessions in Arabidopsis ( Alvarez-Arag on et al., 2016), and undervalues the osmotic function.
Substituting the notion that considers Na + influx under saline conditions as functional and mediated by specific transporters for that of 'toxic Na + influx' mediated by unspecific transporters might be critical to forming a rational basis for breeding salt-tolerant crops. For example, under the latter notion, the increase in Na + efflux could be a likely solution to improve salt tolerance (Shi et al., 2003; Kong et al., 2008; Jacobs et al., 2011; Yue et al., 2012) ; however, under the former one, reducing Na + accumulation would alleviate salt toxicity but at the price of increasing osmotic stress in many cases. To improve salt tolerance without reducing Na + accumulation, tissue tolerance must be improved (Cuin et al., 2009; Roy et al., 2014; Munns et al., 2016 Figure 3 , HKT1 SOS1 plants also carry the glabra 1, gl1, mutation, because hkt1 and sos1 plants carry this mutation.
Na
+ uptake assays Na + and K + contents were determined as described previously ( Alvarez-Arag on et al., 2016). Three-week-old plants (AE2 days) in seedholders were transferred to a hydroponic-containing box filled with the testing solution. At the end of the testing period, shoots were cut off and the seedholders with the attached roots were transferred to the root-washing buffer. The standard Na + uptake medium was 5 mM MES-Ca(OH) 2 pH 6.15, to which the tested Na + salts were added (20 mM Na/MES means 40 mM MESNaOH, pH 6.15).
In the experiments of Na + accumulation from 20 mM NaNO 3 or 20 mM Na/MES at different concentrations of Ca 2+ added: 0.125 and 10 mM, 5 mM MES-Ca(OH) 2 was replaced by 0.5 mM MES-Ca (OH) 2 plus 5 mM MES-NaOH or 40 mM MES-Ca(OH) 2 .
In our Na + uptake experiments the K + content of roots and shoots did not change throughout the experiment (see Table S1 ); therefore, Na + content could be expressed in terms of either dry weight or K + content, as molar Na + /K + ratio. We prefer the latter because the experimental variability of the Na + /K + ratio was lower than that of the Na + content in terms of dry weight. This applies especially to the small roots of 3-week-old plants, which we normally use because bolting does not occur in these plants ( AlvarezArag on et al., 2016). Older unbolted plants with bigger roots were used only when the weight of roots was strictly necessary (Figure 3 and Table S1 ).
Wilting and water loss experiments
Plants were grown as described above for Na + uptake experiments and transferred to either hydroponic-containing boxes (18 plants) or to 50 ml tubes (single plant). The testing medium was 5 mM MES-Ca(OH) 2 pH 6.15 supplemented with the salts or compounds recorded in each case at 400 (AE2%) mOsm. Osmolality was measured with a Micro Osmometer Model 300 (Advanced Instruments Inc., Norwood, Massachusetts, USA). Experiments in tubes were normally used for serial pictures that were taken every 5 min and joined in a continuous movie. Wilting was determined by visual observation of leaf movements, curling and wilting (Tazuke and Kinoshita, 2013) . We tested Col-0, hkt1, C24, and Ts-1 plants, all of which showed almost identical responses. Hence, we performed more experiments with Ts-1 plants because the upright position of leaves in this accession made wilting visually clearer. Water loss was expressed as a percentage of the total water content normalized by DW.
When the Na + taken up was large it increased significantly the DW. In 6 h experiments, the weight of the salts accumulated in the shoots of plants was low (<3% DW) and could be ignore without affecting significantly the results. In 24 h experiments the weight of salts was variable but high (around 15%) and was considered to calculate the water loss, which was performed only in plants in chloride salts, assuming that these plants accumulated NaCl.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Nitrate concentration dependence of Na + accumulation in the shoots of hkt1 plants. Figure S2 . Ca 2+ dependence of Na + accumulation in the shoots of hkt1 plants from 20 mM NaNO 3 . Figure S3 . Nitrate-dependent and nitrate-independent root and shoot Na + accumulation at 60 mM Na + . Figure S4 . Supplement to Figure 5 with other allelic mutants. Table S1 . K + and Na + contents of the plants from experiments shown in Figure 3 . Table S2 . Loss of water in plants under osmotic shock.
Movie S1. Transitory and permanent wilting of Ts-1 plants at 400 mOsm. Wilting in 3-week-old plants. Movie S2. Transitory and permanent wilting of Ts-1 plants at 400 mOsm. Wilting in 5-week old plants.
